The prevalence of woody species in oceanic islands has attracted the attention of evolutionary biologists for more than a century. We used a phylogeny based on sequences of the internal-transcribed spacer region of nuclear ribosomal DNA to trace the evolution of woodiness in Pericallis (Asteraceae: Senecioneae), a genus endemic to the Macaronesian archipelagos of the Azores, Madeira, and Canaries. Our results show that woodiness in Pericallis originated independently at least twice in these islands, further weakening some previous hypotheses concerning the value of this character for tracing the continental ancestry of island endemics. The same data suggest that the origin of woodiness is correlated with ecological shifts from open to species-rich habitats and that the ancestor of Pericallis was an herbaceous species adapted to marginal habitats of the laurel forest. Our results also support Pericallis as closely related to New World genera of the tribe Senecioneae.
F
loras of oceanic islands have a high proportion of woody species, a feature that has long attracted the attention of evolutionary biologists (1) . It is estimated that at least 65% of the endemics of the archipelagos of Hawaii, Canaries, Juan Fernán-dez, and St. Helena are woody (2) (3) (4) (5) , whereas their continental relatives are predominantly herbaceous. Striking examples of the development of woodiness in oceanic islands are characterized by Plantago (Plantaginaceae) in Hawaii, Juan Fernández, St. Helena, and the Canary Islands (2, 6) , Dendroseris (Asteraceae) from the Juan Fernández islands (7) ; Echium (Boraginaceae) and the woody Sonchus alliance (Asteraceae) in the Macaronesian islands (8, 9) , and the ''tree Compositae'' of St. Helena (2) . Woodiness is also prevalent in families from the high mountain islands of the South American Andes [e.g., Espeletia (Asteraceae)] and of East Africa [e.g., Dendrosenecio (Asteraceae)] (10, 11) .
The origin and evolution of plant woodiness in oceanic islands has generated considerable controversy. Carlquist (1) considered woodiness in islands to be derived secondarily, whereas others have proposed that it represents a plesiomorphic feature of continental floras that found refuge in oceanic islands after major climatic and͞or geological changes in the mainland (12) . The first hypothesis assumes that woodiness in islands is developed secondarily as a continuation of the primary xylem (13) .
The Macaronesian islands are composed of the archipelagos of Azores, Madeira, Selvagens, Canaries, and Cape Verde, located between 15 o and 40 o N latitude in the Atlantic Ocean. These islands have a unique biota that traditionally has been linked to the subtropical forest that existed in the Mediterranean region during the Tertiary (12) . This link is supported primarily by fossil evidence. The genera Apollonias (Lauraceae), Clethra (Clethraceae), Dracaena (Dracaenaceae), Ocotea (Lauraceae), Persea (Lauraceae), and Picconia (Oleaceae) have species in Macaronesia but not in the Mediterranean basin and have been recorded in sites dating from the Tertiary of southern Europe (14, 15) . Most species of these genera occur in the laurel forest, one of the most distinctive ecological zones of Macaronesia. This forest is situated on northern slopes of the islands and is under the direct influence of the northeastern trade winds. Four of the other major ecological zones (i.e., coastal desert-lowland xerophytic belt, lowland scrub, pine forest, and high-altitude desert) are more arid because they are not affected directly by these trade winds.
Pericallis is the only genus in the tribe Senecioneae (Asteraceae) endemic to Macaronesia. The tribe is considered to comprise three distinct subtribes [Blennospermatinae, Senecioninae, and Tussilaginae (16)]. Pericallis is placed in the subtribe Senecioninae. The genus has 15 species confined to the Canaries, Azores, and Madeira (Table 1) . Three of the species (P. appendiculata, P. aurita, and P. malviflora) occur on several islands, but none of the species occurs in more than one archipelago. Most species are restricted to the laurel forest, but three occur in the pine forest or the lowland scrub ( Table 1 ). The genus exhibits considerable variation in flower color (white, bluish, pink, or purple), although none of the species has the yellow ray florets that are predominant in the Senecioneae.
Pericallis is unusual among Macaronesian endemics because of the presence of both woody (six) and herbaceous (nine) species (Table 1) (17) . Two of the woody species are small phanerophytes with an almost decumbent habit (P. appendiculata and P. hansenii), whereas the remaining four are chamaephytes (P. aurita, P. hadrosoma, P. lanata, and P. multiflora), which shed their leaves during summer. The herbaceous species are perennial hemicryptophytes.
Because of the differences in life histories, the genus is ideally suited to examine the evolution of insular woodiness. Multiple origins of woodiness in oceanic islands would support the hypothesis that shifts between herbaceous and woody forms can take place easily, thereby reducing the utility of this character for tracing continental ancestors of insular endemics.
We present a molecular phylogeny of Pericallis based on sequences of the internal transcribed spacers (ITS) of nuclear ribosomal DNA to elucidate phylogenetic relationships among species of the genus and to assess the origin and evolution of This paper was submitted directly (Track II) to the PNAS office.
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woodiness under insular conditions. We also test previous suggestions that Pericallis is a biogeographical link between the biotas of Macaronesia and the New World (18) .
Materials and Methods
All 15 species of Pericallis were examined, including an unpublished new taxon from the pine forest of southeastern Tenerife (Table 1) . Twenty-two accessions of Pericallis were studied with multiple samples for P. appendiculata, P. aurita, and P. tussilaginis. Cineraria, Dorobaea, Packera, and Pseudogynoxys were sampled because results from previous morphological (17) , palynological (18) , and chloroplast DNA (cpDNA) studies (19) suggested these genera as putative relatives of Pericallis. We included five additional genera of Senecioneae from Africa and the New World. Gynura was selected as the outgroup based on a previous cpDNA restriction site study (20) .
Total genomic DNA was isolated by the cetyltrimethylammonium bromide method (21) from fresh or silica-dried leaf material and herbarium specimens. DNA sequences were obtained at the Sequencing Center of the University of Texas by following the methods described previously (22) . Both ITS strands were sequenced and aligned by using the program CLUSTALX (23) with the default options for opening and extension of gaps, followed by minor manual corrections. Some sequences from direct PCR products were difficult to read mainly in the regions flanking the ITS and 18S and 26S genes. For these samples, PCR products were cloned by using the TOPO TA Cloning kit (Invitrogen) (see Fig. 1 legend) . Aligned sequences are available on request from the corresponding author and they also are deposited in Fairchild Tropical Garden (FTG) and the University of Texas (TEX).
Fitch parsimony analysis was performed by using version 4.0d64 of PAUP* (24) with ACCTRAN, MULPARS, and TBR options. Heuristic searches were conducted by using 100 random addition sequences. Gaps in aligned sequences were coded either as missing or treated as separate binary characters (present or absent). Four weighted parsimony analyses were undertaken after transversions were weighted over transitions by ratios of 1.3:1, 1.4:1, 1.5:1, and 1.6:1 by means of the USERTYPE STEPMA-TRIX command. Weights were calculated on the most parsimonious trees with the highest log likelihood value (see below). The CHART option of MACCLADE (25) was used to compute these ratios by using two options: (i) counting maximum and minimum number of changes and (ii) counting changes for unambiguous events only. The transition͞transversion ratio also was estimated under the DESCRIBE TREE option of PAUP* by using maximum likelihood with the Hasegawa et al. (26) model of sequence evolution and among-site variation approximating a gamma distribution.
Bootstrap values (27) were calculated by using 100 replicates with the ACCTRAN, MULPARS, and TBR options and a heuristic search with one random entry of data. The CONSTRAINT option was used to determine the number of additional steps required to force the monophyly of the six woody species of Pericallis. Evaluation of statistical differences between the constrained and unconstrained trees was conducted with Kishino-Hasegawa test (28) by using the TREE SCORE subroutine. The likelihoods of each tree from the constrained and unconstrained analyses were estimated by maximum likelihood by using the same assumptions for computation of transition͞transversion ratio. A KishinoHasegawa test also was performed for two of the trees with the highest log likelihood (least negative) from the constrained and unconstrained analyses.
Maximum-likelihood trees were estimated for the 15 species of Pericallis and Packera (see arrows in Fig. 1 ). This analysis was limited to these taxa because of computer memory limitations. Packera was included because parsimony analyses strongly supported it as sister to Pericallis. Likelihood settings were those used for computation of transition͞transversion ratio and likelihood of each particular tree (see above). A single heuristic search with one random entry was used for tree searching.
Results and Discussion
Sequence Variation. Aligned ITS sequences are 507 bp long (267 bp for ITS1 and 240 for ITS2), 203 sites are constant, and 117 of the variable characters are phylogenetically informative. The number of gaps relative to the outgroup Gynura after alignment is 50, and most are 1 or 2 bp long. The largest gap is a 23-bp deletion in Othonna ITS1. This genus has three additional large deletions of 5, 8, and 11 bp in ITS1. Other genera with large deletions in ITS1 include Euryops (19 bp) and Packera (7 bp). Three of the woody species of Pericallis (i.e., P. appendiculata, P. aurita, and P. lanata) have a unique 2-bp insertion in ITS2. The three remaining woody species of Pericallis (i.e., P. hadrosoma, P. hansenii, and P. multiflora) have a 3-bp deletion in ITS2. Phylogenetic Analyses. Fitch parsimony yields 214 equally parsimonious trees with 593 steps, a consistency index of 0.607 (excluding autapomorphies), and a retention index of 0.775. The strict consensus tree ( Fig. 1 ) strongly supports Pericallis as a monophyletic group (100% bootstrap) sister to the New World genus Packera (83% bootstrap). The neotropical genera Dorobaea and Pseudogynoxys form a clade sister to the PericallisPackera clade (68% bootstrap). Strict consensus trees from weighted parsimony and coding of gaps as binary states have identical topologies and are virtually identical to trees from unweighted parsimony (Fig. 1) . The only difference concerns the relationships among the African genera included in the analysis. Most of these genera collapse in a basal polytomy in the strict consensus tree of unweighted parsimony (Fig. 1) , whereas they are weakly resolved in the weighted parsimony trees.
Maximum-likelihood analysis of Pericallis and Packera yields 315 trees. These trees have a log likelihood value of Ϫ1,688.11. The strict consensus tree has a topology identical to the one from parsimony analysis (trees not shown).
We are using the ITS tree to address the biogeography and evolution of woodiness in Pericallis. It is widely recognized that individual gene trees may not necessarily reflect the species phylogeny (29, 30) . We are confident that our ITS tree of Pericallis is an accurate estimate of species relationships because it is largely congruent with an independent phylogeny based on cpDNA restriction site data (S.-J. Park, J.F.-O., A.S.-G., J.L.P., and R.K.J., unpublished data).
A Biogeographical Link Between Macaronesia and the New World.
The origin of Pericallis is controversial primarily because of the paucity of morphological features for identifying continental relatives (16, 17) . In addition, Senecioneae are a large tribe (ca. 120 genera and 3,000 species) (16), making it difficult to conduct sufficient sampling of putatively related genera. Previous morphological studies suggested that the African genus Cineraria was the closest continental relative of Pericallis, because both have corolla lobes with a median resin duct, truncate style branches, compressed cypselae, and palmately veined leaves (17) . In addition, a cpDNA restriction site study (20) suggested that Roldana, a genus in the subtribe Tussilagininae, restricted to Mexico and Guatemala, was sister to Pericallis. However, DNA from the latter genus used in that study came from cultivated plants (E. Knox, personal communication), and it seems likely that the putative Pericallis was mislabeled Pericalia, a genus that is considered congeneric with Roldana.
The ITS phylogeny indicates a strong sister group relationship (83% bootstrap value) between Pericallis and the New World herbaceous genus Packera (Fig. 1) , which has yellow or orangered flowers. The clade formed by these two genera is also sister to a group of two New World genera (i.e., Dorobaea and Pseudogynoxys), which also have orange-red or yellow flowers; however, this relationship is not as strongly supported (68% bootstrap). These data indicate that Pericallis in the Macaronesian islands underwent two major morphological shifts from its North American relatives. The first involved a shift from yellow orange-red to purplish-white corollas, and the second involved a change in habit from herbaceous to woody.
Palynological studies provide further support for a close relationship between Pericallis and Packera. Both genera share the unusual Helianthoid pollen type, which is known only from three other genera of the Senecioneae: Doronicum, Robinsone- cio, and Thelanthophora (18) . These three genera are part of the subtribe Tussilagininae, and results from both ITS and cpDNA data suggest that they are distantly related to Pericallis (ref. 19 ; J. Bain, personal communication). A recent phylogenetic study of the Senecioneae based on cpDNA restriction site data (19) placed Pericallis in an unresolved clade with the New World genera Pseudogynoxys and Dorobaea. This study also showed that Roldana is distantly related to Pericallis, which provides further confirmation that plant material reported as ''Pericallis'' in Knox and Palmer's (20) cpDNA study is not from this genus. It is noteworthy that, despite the limited sampling of the Senecioneae, both our ITS and Kadereit and Jeffrey's (19) cpDNA data support a close phylogenetic relationship between the New World genera Pseudogynoxys and Dorobea and the Macaronesian Pericallis. Unfortunately, Kadereit and Jeffrey (19) did not include Packera in their cpDNA phylogeny, although it was studied by Knox and Palmer (20) . The cpDNA tree indicated that Pericallis was distantly related to Cineraria, a genus that is closely associated with Packera in our ITS tree.
There are several examples of biogeographical links between the floras of Macaronesia and the New World. A cpDNA restriction site phylogeny of the Crassulaceae places the Madeiran endemic species of Sedum within a clade of Mexican taxa (31) . Pelletiera (Primulaceae) is restricted to Macaronesia and the New World, and the family Cneoraceae is confined to the Canaries, Cuba, and the Western Mediterranean. The Macaronesian endemic genus Bystropogon (Lamiaceae) is considered to be related to the South American genus Minthostachys (32) .
A likely explanation for a biogeographical connection between the New World and Macaronesia is long-distance dispersal. It is also possible that the ITS phylogeny may reflect a connection that existed between North America, Eurasia, and Africa during the Tertiary (33). The Bering land bridge (between eastern Asia and western North America) and the North Atlantic land bridge (between northern Europe and northern North America) were present until the early Oligocene (33) and facilitated migration between Eurasia and North America (34) . Such connections promoted formation of a ''boreotropical flora'' that extended into the northern hemisphere. This flora was comprised primarily of broad-leaved evergreen taxa, including many members of the Lauraceae (35) . Evergreen rain and laurel forests are considered the most important vegetation types of the Tertiary boreotropical flora of Europe (36) . This boreotropical flora was replaced slowly by broad-leaved deciduous taxa as the climate cooled during the Oligocene and Miocene. Eventually, the first Northern Hemisphere glaciation in the Pliocene led to the extinction of numerous taxa in many parts of North America and Eurasia. Several genera survived as relicts in the laurel forests of Macaronesia and in the Mediterranean ''Laurocerasus belt'' (36) . Clethra, Ocotea, and Persea are examples of groups that currently occur in the laurel forest of Macaronesia and mainly in the neotropics but are not present in Europe. They are considered remnants of this boreotropical flora (12) . Three of the woody, laurel forest species of Pericallis form one of the two basally divergent clades in the ITS phylogeny (Fig. 2) . Conceivably, the continental relatives of Pericallis may have occupied a nearly continuous belt associated with the laurel forest of the Tertiary boreotropical flora.
We believe that Pericallis was not associated with the continental laurel forest of this boreotropical flora for two reasons. First, the oldest fossils of the Asteraceae are from the midOligocene of South America (37) . The first pollen evidence of the Senecioneae is from the early Miocene from the South Pacific (38) , and both morphological (39) and molecular phylogenies (40) support a recent origin for this tribe. A postOligocene origin for the Senecioneae would make it unlikely that the ancestor of Pericallis was part of the Tertiary laurel forest of the boreotropical flora because a temperate, deciduous forest replaced most of the evergreen boreotropical flora by the Miocene (33) . Furthermore, biotic migrations between North America and Northern Europe were highly reduced by widening of the North Atlantic (33) .
The derived position of Pericallis in the ITS phylogeny also suggests a relatively recent origin for the genus and, therefore, that it evolved in the Macaronesian islands after long-distance dispersal from the New World. Lack of fossil evidence for Pericallis and its continental sister genera and high discrepancies concerning rates of evolution of the ITS sequences (41) do not allow us to establish definitive conclusions concerning times of divergence.
Two Independent Origins of Woodiness in Pericallis.
Trees from all analyses are concordant in showing two clades containing only woody taxa of Pericallis (Fig. 2) . The first clade (94% bootstrap support) is basally divergent and includes the three laurel forest Fig. 2 . One of the 214 equally parsimonious ITS trees from unweighted Fitch parsimony analysis (further details on tree topology are shown in Fig. 1 ). This is the same tree shown in Fig. 1 but indicating the ecological zones and habit of Pericallis and continental species. Solid circles, herbaceous species; shaded circles, woody species; open circles, genera with both woody and herbaceous species. Bootstrap values (Ͼ50%) are indicated along each branch.
species P. hadrosoma, P. hansenii, and P. multiflora. The second woody clade (98% bootstrap support) is in a derived position within Pericallis and includes two species from the laurel forest (i.e., P. appendiculata and P. aurita) and one from the pine forest (i.e., P. lanata). This second lineage is nested within a clade that includes all nine herbaceous species.
Constraining the monophyly of the six woody species yields 72 equally parsimonious trees 12 steps longer than the most parsimonious unconstrained trees. Eleven of these trees have the highest log likelihood value of Ϫ3,611.38. Unconstrained analyses yield 35 trees with the highest log likelihood value of Ϫ3,569.31. A Kishino-Hasegawa test between two of the most likely trees from the constrained and unconstrained analyses indicates that they are significantly different at the 5% level.
The most parsimonious explanation for the evolution of growth habit in Pericallis is that woodiness arose twice in the islands from an herbaceous ancestor (Fig. 3A) . This hypothesis assumes that Pericallis was never present in the continent and that the putative herbaceous ancestor arrived in the islands before diversification of the genus.
Two alternative but less parsimonious hypotheses for the evolution of woodiness are illustrated in Fig. 3 B and C. The first requires three steps and involves a shift from herbaceous to woody between the sister group (Packera) and Pericallis, followed by an initial change from woody to herbaceous and then a reversal to woodiness (Fig. 3B) . The third hypothesis requires four steps, including a change from herbaceous to woody between the continental ancestor and Pericallis. This hypothesis requires three independent origins of the herbaceous condition (Fig. 3C) . We favor the most parsimonious explanation (Fig. 3A) .
Previous evolutionary hypotheses suggested that the ancestral habit of Pericallis was a shrub that evolved toward herbaceous forms (17, 42) . These hypotheses were not based on a phylogenetic analysis and did not suggest the possibility of multiple origins for woodiness.
What environmental conditions could have led to these major shifts in the life history of Pericallis? All woody species, with the exception of P. lanata, have very restricted ecological preferences and are never found outside of the laurel forest. Three of these species are extremely rare. P. hadrosoma has one population with fewer than 10 plants, and P. multiflora and P. hansenii are known only from scattered populations of a few individuals. Furthermore, the woody laurel forest species are found mainly in the understory and do not occur in open and sunny areas. Thus, it appears that most of the woody species of Pericallis have limited capacity for population growth, reduced competitive ability, and small population size. The only exceptions are the sister species, P. lanata and P. aurita, which are relatively common in southern Tenerife and Madeira, respectively. In contrast, the herbaceous species do not have such narrow ecological preferences. Although they do have an optimal ecological zone, the herbaceous taxa are also commonly found outside these boundaries and have been able to exploit marginal habitats in which the original forest has been cleared for agriculture and urban development. The most extreme case is P. webbii, a very common species from Gran Canaria, which thrives in the lowland scrub and both the laurel and pine forests. All herbaceous species seem to have high colonizing ability, capacity for rapid population growth, large population sizes, and the ability to exploit disturbed habitats.
Taxon cycling and island colonization theories (43, 44) also could provide an ecological explanation for the evolution of woodiness in Pericallis. These theories assume that successful island colonizers are usually weedy species that establish themselves easily on ''marginal'' and newly opened habitats. The pioneer species can grow fast in habitats that usually are not very crowded. Herbaceous species of Pericallis exhibit some of these features. Therefore, the continental ancestor of Pericallis was likely a herbaceous generalist that could have colonized many of the open or marginal habitats of the islands. Increased specialization and selection in competitive environments with scarce resources may have precipitated a shift toward persistence through woodiness. Such a correlation between evolution of insular arborescence and ecological shifts from open to speciesrich habitats has been suggested recently by Givnish (45) .
There are at least three other monophyletic groups of Macaronesian endemics with both woody and herbaceous species [i.e., the Aeonium alliance (Crassulaceae), the woody Sonchus alliance, and Echium]. ITS phylogenies of these groups showed that they originated from herbaceous continental species (8, 9, 46) . Recent molecular phylogenetic studies (M. E. Mort, personal communication) also suggested multiple origins of woodiness for Macaronesian endemics of the Aeonium alliance. Evolution of habit in Echium and the woody Sonchus alliance is not resolved because of low resolution and support for most clades including Macaronesian taxa (8, 9) .
Our demonstration of multiple origins of insular woodiness questions the validity of the assumption that continental ancestors of island endemics were woody. Shifts between the woody and herbaceous habit could take place easily depending on selection patterns, supporting many of the conclusions of Carlquist (1, 13) and recent suggestions by Givnish (45) concerning the evolution of woodiness in island endemics.
